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Fig. 1 (a) Synthesis route to DKP; (b) Preparation of ENR-xD.

Table 1 Details of experimental formulas.

Samplo ENR DKP Nag DMI
(phr) (phr) (phr) (phr)

ENR-0 100 0 - 0
ENR-6.7D 100 6.7 - 0.25
ENR-11.2D 100 112 - 0.41
ENR-22.4D 100 224 - 0.82
ENR-33.6D 100 33.6 - 1.23
ENR-44.8D 100 44.8 - 1.64
ENR-N 100 - 20 0.82
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Fig. 2 (a) Schematic diagrams of sample preparation in crack-resistant test; (b) Force-displacement curve of a DENT sample;
(c) Schematic diagram of crack tip extension. There are two main regions around the crack tip: FPZ and the surrounding
inelastic zone. (d) Schematic diagrams of the crack tip field along the ligament for three cases, depending on the ligament

length; (e) Schematic diagram of wy at different / and the calculation method of w..
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Table 2 The torque parameters of ENR-xD and ENR-N at
(a) —— DKP 1669 cm™! o
—-—— APME 180 °C.
Le10 leoo My My
Sample . .
(min) (min) (dN'm) (dN'm)
g ENR-0 22.25 111.52 0.26 0.58
o
s ENR-6.7D 7.82 90.84 0.26 1.07
e
< ENR-11.2D  4.92 85.31 0.30 1.38
ENR-224D  2.13 60.67 0.51 2.24
3197 cm-! ENR-33.6D 299 48.96 0.53 3.17
R e ENR-44.8D  6.40 78.07 0.53 3.47
3250 3200 3150 1750 1700 1650 1600 ENR-N 4.57 55.95 0.69 351
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Fig. 3 (a) FTIR spectra of DKP and APME; (b) 'H-NMR
spectra of DKP and APME.
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Fig. 4 Curing curves of ENR-xD at 180 °C.
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Fig. 5 FTIR spectra of ENR-xD.
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Fig. 6 FTIR spectra for ENR-22.4D at the range of 1650—
1710 em™ from 30 °C to 150 °C.
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Fig. 7 (a) ENR-0 is completely dissolved after soaking in
toluene for about 0.5 h (ii). (b) ENR-22.4D is swollen after
soaking in toluene for 72 h (ii), while completely dissolved
after transferring it into toluene/dichloroacetic acid mixture
for 2 h (iii). (c) ENR-22.4D is swollen in xylene at room
temperature for 72 h (ii) but dissolves in the solvent at
120 °C for 2 h (iii).
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/INISF N SR AR AR . MNDKP J5, MR T B
WA AT A #, DR AE R R A R AR T K
AR . NEI8(a)r] LAE tH, ENR-xD KGR
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Fig. 8 (a) The mass ratio of swollen rubber to initial rubber
with swelling time; (b) Swelling ratio of ENR-xD; (c) The
crosslinking densities J (in theoretical and experimental

values) and the conversion ratio of ENR-xD.
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Table 3 Crosslinking density structure parameters of ENR-xD.

Crosslinking density (X107 mol-cm™3)

Sample - - Conversion ratio (%)  Swelling ratio ~ Sol fraction
Theoreticalvalue Experimentalvalue
ENR-6.7D 0.63 0.10 15.76 18.06 0.17
ENR-11.2D 1.05 0.14 13.55 14.35 0.13
ENR-22.4D 2.09 0.52 25.00 6.44 0.08
ENR-33.6D 3.14 1.01 32.03 4.24 0.06
ENR-44.8D 4.19 1.34 32.07 3.35 0.13
% ENR-44.8D [f] 4.19x10~* mol/cm?. 5256 45 & @ — ENR-0
9, B DKP AR I, B R R ENR-07D
Wz, (ESEAZERE FEAR T RIS . 8 o ENR224D
2.3 ENR-xD ¥ IBH4H A8 %’ B ENR-44.8D
9(a) /9 ENR-XD IR /- RIS Ml 26 45 R 5 A
7R, ARVSHITDKP () ENR-0 #% G 5 (0.38 MPa)#il & 4t e 3
B3 FE.(0.29 MPa) BIRRLAEG . 51 A U 326 | T
FEIRLRE . Wi PIE S IRBE R 4 2 2 42 e el !

E(E 9(b)) 13 4). 7E ENR-xD AR, FEAR 3
T T 5L VR . 7R Rt
iy, SEEd RS EMFERRE R, MR
B 1R W 2K S A BT R 9 (B 9(b)). B
AN A S R g, AR I R
P iam B IR I 4). 24 DKP SN E 4 33.6 phr
i, ENR-33.6D (1) i fifi 5 i 15 £ 10.38 MPa, [t
KRN 1274%, WA N 46.26 MI/m?, %5
AR HIRTE T 34.8. 0.4 F124.7 f5(E 9(b) M
F4). HOHGERE AL, ENR-33.6D
I H B e i R T 2L (B 9(c)) o541,
SRIM, 4 DKP RN & HEd 33.6 phribf, R W
FURLARFIRAH R NG AT TR, XA RER B NACHR
2 JEE RN A A i ()36 0 Y 2 PR T AR o B )
1EFNRE ST, I FEW R R PG, DL RS R
F#W, DKP A RCEENR. X ELE 9(a). E9(b)
F1F 4 H ENR-22.4D 5 ENR-N, A[PLEH, &N
P L [ 1 ENR-22.4D B 2 B 5 & 0 IRB &
A5 B K = T ENR-N, EB 1 W PE L 78
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Fig. 9 (a) Stress-strain curves of ENR-xD and ENR-N; (b)
Young’s modulus and Fracture energy of ENR-xD and
ENR-N; (c) Comparison of the fracture energy and tensile
strength of ENR-xD with other reported hydrogen-bonded

cross-linked elastomers.
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Table 4 Mechanical property parameters of ENR-xD and ENR-N.
Sample Elongation (%) Tensile strength (MPa) Young’s Modulus (MPa) Fracture energy (MJ/m?)
ENR-0 886.12+23.21 0.29+0.02 0.38+0.02 1.80+0.50
ENR-6.7D 919.00+17.31 0.79+0.03 1.06+0.02 4.56+0.11
ENR-11.2D 1116.00+100.08 1.39+0.19 1.35+0.02 7.75+2.66
ENR-22.4D 1186.00+53.78 5.34+0.42 3.60+0.12 27.85+2.33
ENR-33.6D 1274.00+56.95 10.38+0.68 11.04+0.56 46.26+6.33
ENR-44.8D 774.00+53.63 5.70+0.52 16.00+0.93 25.48+3.28
ENR-N 2024.61+139.04 5.234+0.36 0.59+0.02 38.90+4.45
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Fig. 11 Tensile loading-unloading curves of (a) ENR-0 and
(b) ENR-22.4D; (c) Normalized residual strain versus waiting
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Fig. 14 Specific work of fracture w; with respect to ligament length /: (a) ENR-0, (b) ENR-6.7D, (¢) ENR-11.2D,
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Research Article

High-strength, Tough, and Self-healing Epoxidized Natural Rubber Enabled
by Synergistic Rigid Segments and Multiple Hydrogen Bonds

Jie Liu, Peng Sun, Xiao-qian Guo, Wei-wei Lei, He-sheng Wu, Xiang Huang, De-an Shi”
(School of Materials Science and Engineering, Hubei University, Key Laboratory of Green Preparation and
Application of Functional Materials, Ministry of Education, Hubei Key Laboratory of Polymer Materials,
Wuhan 430062)

Abstract Hydrogen bonds are widely utilized in self-healing rubber elastomers due to their dynamic nature.
However, single hydrogen-bond crosslinked self-healing rubbers reported to date generally exhibit low tensile
strength (<3 MPa) due to the low binding energy of hydrogen bonds. While the hydrogen/covalent dual-network
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improves tensile strength to some extent, the introduction of covalent bonds sacrifices self-healing capability and
reprocessability. In this work, we constructed multiple hydrogen-bond crosslinks containing rigid segments within
epoxidized natural rubber (ENR) and systematically investigated the relationship between rigid hydrogen-bond
crosslinker content and mechanical properties, self-healing behavior, and crack resistance of ENR. The results
demonstrate that the resulting rubber achieves an elongation exceeding 1200%, a tensile strength of up to
10.38 MPa, and a fracture energy of 46.26 MJ/m?3, while retaining self-healing performance. Moreover, these
hydrogen-bond crosslinks substantially enhance the crack resistance of ENR. This design strategy based on the
synergistic rigid segments and multiple hydrogen bonds not only provides insights for developing strong and
tough self-healing elastomers but also offers insights for designing crack-resistant materials.

Keywords Epoxidized natural rubber, Hydrogen bond, Rigid group, High strength and toughness, Self-healing



